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The rate constants of intracluster vibrational energy redistribution ~IVR! of benzonitrile–(CHCl3)1
for the 121 (1000 cm21), 11 (760 cm21), and 6a1 (460 cm21) levels have been measured by
time-resolved stimulated Raman-UV double resonance spectroscopy. It was found that the observed
rate constants are independent of the energies but strongly dependent on the vibrational modes. In
order to find a relationship between the structure and the IVR rate, structures of benzonitrile–
(CHCl3)n51 – 3 have been determined based on the results of the Raman spectra and the high
resolution S1 – S0 electronic spectra for the size-selected clusters, and ab initio MO calculations. The
Raman spectra were observed for both CHCl3 and benzonitrile sites. It was found that the CH
stretching vibration of the CHCl3 moiety showed a higher frequency shift in the clusters, whose
magnitude depends on the binding site to benzonitrile. For the benzonitrile moiety, the Raman
spectra of CH stretch (n2), CN stretch (nCN), ring breathing (n12 and n1!, and CCC in-plane
bending (n6a) vibrations were investigated. From those results, it was concluded that the clusters
have the form such that the CH hydrogen of the first CHCl3 is hydrogen-bonded to the N end of the
CN group, while second and third CHCl3 are hydrogen-bonded to the phenyl ring. The observed
mode dependence of the IVR rate constants will be discussed based on the cluster structure and the
vibrational motion. © 2001 American Institute of Physics. @DOI: 10.1063/1.1353549#I. INTRODUCTION
Molecular clusters formed in a supersonic expansion are
being studied as microscopic models for the solute–solvent
interactions in condensed phases. Especially, hydrogen-
bonded clusters of an aromatic molecule surrounded by sol-
vent molecules are of considerable interest both experimen-
tally and theoretically. Great deal of efforts have been made
to acquire the information of their structures, which is a clue
to reveal intermolecular interactions as well as relaxation
mechanisms involving intracluster vibrational energy redis-
tribution ~IVR! ~Ref. 1! and vibrational predissociation ~VP!.
Among many spectroscopic methods developed for the in-
vestigation of their structures and dynamics, double reso-
nance vibrational spectroscopy for size-selected clusters has
been demonstrated to be very useful, especially, for
hydrogen-bonded clusters. For example, IR–UV double
resonance spectroscopy is very powerful for the observation
of the OH and NH stretching vibrations of hydrogen-bonded
clusters.2–10 The cluster structures were determined from
analyses of the vibrational spectra with the aid of ab initio
molecular orbital ~MO! calculation. Stimulated Raman-UV
double resonance spectroscopy is also known to be another
powerful technique to obtain the vibrational spectra. This
spectroscopy was first developed by Owyoung et al.,11–13
and was later modified to Raman dip spectroscopy with ei-
ther ionization14–17 or fluorescence detection.18,19 Using this
technique, many Raman active vibrations were observed and
they were used for the determination of cluster structures.
a!Authors to whom correspondence should be addressed.7860021-9606/2001/114(18)/7866/11/$18.00
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can be investigated by the pump–probe technique using
these double resonance methods. Here, we examine the dy-
namics of vibrationally excited clusters by observing the de-
cay of excited vibrational levels as well as the rise of relaxed
levels generated by IVR. In some case, we can observe the
appearance of dissociation fragments due to VP. Since the
structures of these clusters have been characterized in detail,
a clear relationship between the mode selectivity of IVR and
the cluster structure will be demonstrated.
Benzonitrile ~BN! is an interesting molecule because of
its ability of forming variety of hydrogen-bonded structures.
BN has three different sites capable to form a hydrogen-
bond, that is, ~1! the p-electrons of the CN triple bond, ~2!
nonbonding electrons of nitrogen atom of the CN group, and
~3! the p-electrons of the phenyl ring. Structures of clusters
containing BN have been investigated by several groups with
electronic and microwave spectroscopy,20–26 while our group
employed double resonance vibrational spectroscopy for the
determination of the cluster structures. In a previous paper,
we determined the structures of BN–~H2O)n51 – 3 and
– (CH3CN)n51 – 3 by measurements of the vibrational spectra
and by ab initio MO calculations.18 Very recently, we inves-
tigated IVR of the in-plane 121 mode ~1000 cm21! of BN,
and its clusters, such as BN–~H2O)1 , BN–~CH3OH)1 ,
BN–~CH3CN)1 , BN dimer, BN–~CHCl3)1 , BN–~CHF3)1 ,
BN–~CCl4)1 , and BN–~Ar)1 , by time-resolved stimulated
Raman-UV double resonance spectroscopy.19 We found that
the IVR rate constant is very sensitive to the cluster struc-
ture, and concluded that anharmonic coupling between mode6 © 2001 American Institute of Physics
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cluster having a ‘‘side’’ structure.
In the present work, we extended our work to the clus-
ters of BN with chloroform (CHCl3). CHCl3 is one of the
familiar organic solvents, which has a dipole moment of 1.04
D. The intent in CHCl3 is because its CH group can form a
hydrogen-bond with the three binding sites of BN. In this
work, we first investigated the structures of jet-cooled
BN–~CHCl3)n51 – 3 , using high resolution laser induced
fluorescence ~LIF! spectroscopy and fluorescence detected
stimulated Raman spectroscopy ~FDSRS!. The cluster struc-
tures were determined from the experimental results with an
aid of ab initio MO calculations. Subsequently, we measured
IVR of BN–~CHCl3)1 for various modes by time-resolved
stimulated Raman-pump UV-probe method to examine the
mode dependence of IVR. The IVR rate constants were
found to be greatly dependent on the vibrational mode. The
observed mode dependence will be discussed on the basis of
the cluster structure and the vector analyses of the vibrational
modes.
II. EXPERIMENT
Figure 1 illustrates various excitation schemes used for
FDSRS in the present work. Scheme ~a! is for the
fluorescence-dip spectrum measurement. The population of
the zero point level (v950) of S0 of a particular cluster was
FIG. 1. Excitation schemes of stimulated Raman-UV double resonance
spectroscopy. ~a! The measurement of Raman dip spectrum by fluorescence
detected stimulated Raman spectroscopy ~FDSRS!. ~b! The observation of
vibrationally excited states, and ~c! the observation of relaxed products by
stimulated Raman pump and UV probe technique.Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject tomonitored by LIF with the UV laser (hnUV). Two laser
pulses (hn1 and hn2! for the stimulated Raman pumping
were introduced prior to the UV pulse. The stimulated Ra-
man pumping induced a depletion of the ground state popu-
lation when the difference frequency, h(n12n2), was reso-
nant to the vibrational transition, resulting in a decrease ~dip!
of the LIF intensity. Thus, by scanning difference frequency
for the stimulated Raman pumping lasers while monitoring
the LIF signal, a fluorescence-dip spectrum representing the
Raman spectrum was obtained.
Scheme ~b! is used for the measurement of the time evo-
lution of vibrational levels excited by the Raman pumping.
The decay of the Raman pumped level (v951) was directly
observed by monitoring the S1(v850)2S0(v951) reso-
nance fluorescence intensity. By changing a delay time (Dt)
between the Raman pump and the UV probe laser pulses, the
decay profile of the pumped level was obtained. When the
lifetime of the vibrational level was comparable to or shorter
than the laser pulse duration, the resonance fluorescence in-
tensity became very weak and it was difficult to measure the
decay of the pumped level. In this case, we measured the rise
of an electronic transition of either the energy redistributed
levels or the dissociation product, as shown in Fig. 1~c!. The
transitions from the relaxed levels appear as a broad back-
ground beneath the sharp 0,0 band of the cluster, while the
transitions of the dissociation product appear as a hot band of
bare benzonitrile.
The jet-cooled BN and BN–~CHCl3)n clusters were gen-
erated by a supersonic expansion of a gaseous mixture of
benzonitrile and CHCl3 seeded with He carrier gas through a
nozzle having a 800 mm orifice. The temperature of BN was
maintained at 330 K to keep enough vapor pressure, while
the vapor pressure of CHCl3 was controlled by a ther-
moregulater. Benzonitrile ~98%! and CHCl3 ~99%! were pur-
chased from Kanto Chemical Co., Inc., and were used with-
out further purification.
The experimental setup of FDSRS was described in de-
tail elsewhere.18,19 In the present work, we used two stimu-
lated Raman pumping schemes depending on the energies of
the vibrational levels. For the vibrations with their energies
higher than 700 cm21, the lasers for stimulated Raman
pumping were the second harmonic of an injection seeded
Nd:YAG laser ~Spectra Physics GCR-230-10! and the
Nd:YAG laser pumped dye laser ~Continuum ND 6000!. For
the vibrations whose energies were below 700 cm21, the
backward scattered first Stokes light ~629.86 nm! generated
from a Raman shifter (CH4 gas with 20 atm!, irradiated by
the second harmonic of the injection seeded Nd:YAG laser,
and the Nd:YAG laser pumped dye laser were used as either
the pump (hn1) or the Stokes laser (hn2). In the latter setup,
the length of the Raman shifter was 50 cm and the 532 nm
laser light was focused by an f 5300 mm lens. The conver-
sion efficiency of the backward scattered Stokes light was
about 20% when the Nd:YAG laser was injection-seeded,
which was sufficient as the light source of stimulated Raman
pumping. Though such a high-efficiency backward Stokes
Raman conversion was reported by several groups,27 there
has been no application of the light to the stimulated pump-
ing light source and the present experiment demonstrates its AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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laser was either a Nd:YAG laser pumped dye laser ~Con-
tinuum Surelite-III/LAS LDL-20505! or a excimer laser
pumped dye laser ~Lambda Physik LPX 100/FL3002!.
The wavelength of the dye lasers was calibrated using
optogalvanic method, and that of the injection seeded
Nd:YAG laser and the first Stokes light from the Raman
shifter were calibrated by a wavemeter ~Burleigh WA-4500!.
The spectral resolution of the UV laser light was 0.2 cm21.
The spectral resolution of the second harmonic of the injec-
tion seeded Nd:YAG laser was 0.0015 cm21, while that of
the Nd:YAG laser pumped dye laser was 0.1 cm21. For the
Raman dip measurement, the UV pulse was delayed by 50 ns
from the Raman pumping laser pulses. For the IVR measure-
ment, the delay time was controlled by a digital pulse gen-
erator ~Stanford Research Systems DG 535!. The time jitter
was 60.5 ns for the Nd:YAG lasers and 62 ns for the exci-
mer laser. The decay rate constant was obtained by fitting the
decay curve with Gaussian-shape pulses for both the pump
and probe lasers. The pulse width ~FWHM! of the Raman
pump laser was set to 3 ns. For the probe pulse, the width
was set to 7 ns when the excimer laser pumped dye laser was
used, while it was set to 3 ns when the Nd:YAG laser
pumped dye laser was used. The pulse shapes were deter-
mined so as to reproduce the appearance curve of the
Raman-pump UV-probe signal of the BN monomer. Fluores-
cence was detected by a photomultiplier tube ~Hamamatsu
Photonics 1P28 or R166UH! after passing through a band-
pass filter ~Corning 7-54 or New Lambda Corporation UG-
5!. The photocurrent was integrated by a boxcar integrator
~Par Model 4400! connected to a personal computer.
For the measurement of the high resolution S1 – S0 LIF
spectrum, the Nd:YAG laser pumped dye laser ~Continuum
PL9000/Lambda Physik Scanmate 2ES! with an angle tuned
e´talon was used and its spectral resolution was estimated to
be 0.05 cm21.
Ab initio MO calculations were carried out at
HF/6-311G(d ,p) level by using the GAUSSIAN 98 package
program.28
III. RESULTS AND DISCUSSION
A. LIF spectra of bare BN and BN–CHCl3n˜1 – 3
clusters
Figure 2 shows the LIF spectrum of bare BN and
BN–~CHCl3)n51 – 3 in the band origin region of the S1 – S0
transition. The origin band of bare BN is located at 36 514.0
cm21 and all the 0,0 bands of its clusters are red-shifted from
that of bare BN. The 0,0 band of BN–~CHCl3)1 is located at
36 438.9 cm21. The bands at 36 356.8 cm21 ~labeled by A!
and 36 315.4 cm21 ~labeled by B! belong to different isomers
of BN–~CHCl3)2 . The 0,0 band of BN–~CHCl3)3 is located
at 36 270.2 cm21. The band assignments were done by ex-
amining the CH stretching vibrations (nCH) of the CHCl3
site in the FDSR spectra, as will be shown later. The intense
band located at 15 cm21 higher frequency side of isomer A
of BN–~CHCl3)2 is assigned to the intermolecular vibra-
tional band of A, which was confirmed by the measurement
of the population labeling spectroscopy with fluorescenceDownloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject todetection.29 Other weak peaks in the LIF spectrum are due to
vibronic bands of these clusters. In addition, bands appeared
in the lower frequency side of BN–~CHCl3)3 may belong to
BN–~CHCl3)n>4 .
B. Ab initio calculated cluster structures
In Fig. 3, we show the stable structures of
BN–~CHCl3)n51 – 3 obtained by ab initio MO calculations.
First, Fig. 3~a! shows the fully energy optimized structures of
BN–~CHCl3)1 . The conformer ~I! is the structure where
CHCl3 is hydrogen-bonded to the N end of the CN group,
and we call it the ‘‘linear’’ structure. In the conformer ~II!,
CHCl3 is hydrogen-bonded to the phenyl ring, and we call it
the ‘‘on-top’’ structure. Table I lists the rotational constants
of the two conformers of BN–~CHCl3)1 . The binding ener-
gies of the ‘‘linear’’ and ‘‘on-top’’ isomers are 3.822 and
0.9419 kcal/mol, respectively, without taking account of the
basis set superposition error ~BSSE!. For BN–~CHCl3)2 ,
two stable structures were obtained, shown in Fig. 3~b!. In
the conformer ~I!, one CHCl3 molecule is linearly hydrogen-
bonded to the N end of the CN group and the other CHCl3
molecule is hydrogen-bonded to the phenyl ring of BN. In
the conformer ~II!, two CHCl3 molecules are hydrogen-
bonded to the phenyl ring of BN from opposite sides. The
binding energies of the conformer ~I! and ~II! are 4.585 and
1.632 kcal/mol, respectively. The energy optimized structure
of BN–~CHCl3)3 is shown in Fig. 3~c!. One CHCl3 molecule
is hydrogen-bonded to the N end of the CN group and other
two CHCl3 molecules are hydrogen-bonded to the phenyl
ring of BN from opposite sides. Other energy optimized
structures were not obtained.
C. Rotational contour of high resolution LIF spectra
We first determined the structure of BN–~CHCl3)1 from
the rotational contour analysis of high resolution LIF spec-
FIG. 2. LIF spectra of bare benzonitrile and benzonitrile–(CHCl3)n clusters
in a supersonic jet, showing the band origin region of the S1 – S0 transition.
The band labeled by D is the 0,0 band of benzonitrile dimer. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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BN and some of its clusters were also reported by several
groups,20,24 there has been no report for BN–~CHCl3)1 . Fig-
ure 4 shows the high resolution LIF spectrum of the origin
band of bare BN, and the simulated spectrum by assuming
the rotational temperature of 5 K. The inset of Fig. 4 repre-
sents the molecular frame and the direction of the
S1(1B2) – S0(1A1) transition dipole moment of bare BN. The
observed LIF spectrum exhibits a clear separation between
the R and P branches, representing a typical ‘‘b-type’’ fea-
FIG. 3. Energy optimized structures of ~a! benzonitrile–(CHCl3)1 , ~b!
benzonitrile–(CHCl3)2 , and ~c! benzonitrile–(CHCl3)3 obtained with
HF/6-311G(d ,p) calculation. The intermolecular distances ~Å! and angles
~deg! are also shown. The figures are drawn using the MOLCAT program
~Ref. 30!.Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject toture where the transition dipole moment is parallel to the
b-axis. The simulated spectrum by assuming the ‘‘b-type’’
transition reproduces very well the observed features. The
rotational constants used for the simulation were adopted
from those reported in Ref. 31, which is listed in Table I.
Also listed are the rotational constants obtained by the ab
initio MO calculation. The calculated rotational constants
agree well with those of the experimentally obtained.
Figure 5 shows the high resolution LIF spectrum of
BN–~CHCl3)1 . Similar to the case of bare BN, a clear sepa-
ration between the R and P branches is seen for
BN–~CHCl3)1 . Therefore, the transition of BN–~CHCl3)1 is
also of the ‘‘b-type.’’ The inset of Fig. 5 shows the molecu-
lar frame and the direction of the transition dipole moment.
For the ‘‘linear’’ isomer, the ‘‘b-type’’ rotational contour is
expected for the S1 – S0 electronic transition, while the ‘‘c-
type’’ rotational contour is expected for the ‘‘on-top’’ iso-
FIG. 4. High resolution S1 – S0 LIF spectrum of the ~0,0! band of jet-cooled
bare benzonitrile, and the simulated spectrum with the resolution of 0.05
cm21. ~Inset! The molecular frame and the S1 – S0 transition dipole moment
of the bare benzonitrile.TABLE I. Rotational constants ~cm21! of bare BN and BN–~CHCl3)1 clusters obtained by ab initio molecular
orbital calculations with HF/6-311G(d ,p) basis set.
S1 – S0 transition A B C
Bare BN ~b-type! 0.191 19 ~za! 0.052 045 ~ya! 0.040 909 ~xa!
0.188 63b 0.051 581b 0.040 496b
BN–~CHCl3)1
‘‘Linear’’ structure ~b-type! 0.043 853 ~za! 0.005 265 1 ~ya! 0.005 123 8 ~xa!
‘‘On-top’’ structure ~c-type! 0.025 242 ~xa! 0.010 986 ~za! 0.009 746 3 ~ya!
aThe molecular frame is labeled so that the z axis is parallel to the CN bond, the x axis is perpendicular to
molecular plane, and the y axis is in plane.
bSee Ref. 31. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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in Fig. 5. For simulation, we used the rotational constants
obtained by ab initio MO calculations, which are listed in
Table I. We assumed the same rotational constants for both
the S0 and S1 states. It is clear that the simulated spectrum of
the ‘‘linear’’ isomer reproduces the observed spectrum.
Therefore, we concluded that the observed BN–~CHCl3)1
has the ‘‘linear’’ structure.
D. Raman spectra of the nCH band of the CHCl3 site
Analyses of the high resolution LIF spectra of
BN–~CHCl3)2,3 become very difficult because of smaller ro-
tational constants and low symmetries. So, we determined
the structures of BN–~CHCl3)2,3 by examining the CH
stretching vibrations (nCH) of the CHCl3 moieties, and the
ab initio calculated structures. We observed the FDSR spec-
tra of the CHCl3 moiety in the nCH region ~3030–3055
cm21!.
Figure 6 shows the FDSR spectra of the CHCl3 moiety
of BN–~CHCl3)n51 – 3 in the nCH region which were ob-
served by tuning the UV frequencies to the 0,0 bands of each
species. When the intensity of the band at 36 438.9 cm21 was
monitored @Fig. 6~b!#, only one nCH band was observed in
the FDSR spectrum, representing that the band is due to
BN–~CHCl3)1 . The observed vibrational frequencies are
listed in Table II. When the LIF intensities of the bands at
36 356.8 and 36 315.4 cm21 were monitored, two bands were
observed in the FDSR spectrum so that they are due to
BN–~CHCl3)2 . Since the frequencies of the nCH bands are
different between these FDSR spectra, they are thought to
belong to different isomers of BN–~CHCl3)2 . We call them
‘‘isomer A’’ and ‘‘isomer B’’ as indicated in Fig. 2. When
the band at 36 270.2 cm21 was monitored, three nCH bands
were observed in the FDSR spectrum @Fig. 6~e!#, and this
band is assigned to the 0,0 band of BN–~CHCl3)3 .
As seen in Fig. 6, the nCH vibration of CHCl3 shows
higher frequency shifts in BN–~CHCl3)n51 – 3 and their mag-
nitudes are characteristic to the species. As seen in the figure,
FIG. 5. High resolution S1 – S0 LIF spectrum of benzonitrile–(CHCl3)1 in a
supersonic jet, and simulated spectra for the linear and on-top structures.
The spectra were simulated with the resolution of 0.05 cm21. ~Insets! The
molecular frame and the S1 – S0 transition dipole moment of benzonitrile–
(CHCl3)1 isomers.Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject tothe nCH vibration is classified into two group from its fre-
quency shift. One is the group which exhibits a slightly
higher frequency shift (DnCH52.0–6.5 cm21). The other
group shows a large high frequency shift (DnCH
511.9–17.0 cm21). The frequencies obtained by ab initio
MO calculations could not reproduce such frequency shifts
for the nCH vibration, probably due to that the level of the
calculations is not high enough to take into account of the
effect of the cluster formation on the intramolecular poten-
tial. Since the shift of BN–~CHCl3)1 is only 2.0 cm21, it
belongs to the small shift group. Therefore, the nCH band
belonging to this group is correlated to nCH of CHCl3 which
is hydrogen-bonded to the N atom of the CN group of BN.
On the other hand, the nCH band showing a larger shift indi-
cates that the CH site of CHCl3 is hydrogen-bonded to a
different site of BN. In the calculated structures of
BN–~CHCl3)2,3 , second and third CHCl3 molecules are
bound to the p-electrons of the phenyl ring. Thus, the nCH
band showing a larger high frequency shift may corresponds
to the p hydrogen-bonded clusters. For isomer A of
BN–~CHCl3)2 , the nCH band at 3039.5 cm21
(DnCH56.5 cm21) may correspond to CHCl3 hydrogen-
bonded to the N end of the CN group of BN, and the other
nCH band at 3050.0 cm21 (DnCH517.0 cm21) to the other
CHCl3 hydrogen-bonded to the phenyl ring of BN. For iso-
mer B of BN–~CHCl3)2 , the FDSR spectrum shows two
FIG. 6. FDSR-dip spectra of jet-cooled ~a! bare benzonitrile and ~b!–~e!
benzonitrile–(CHCl3)n51 – 3 in the nCH region of the CHCl3 site. ~Top! The
frequency of the nCH band of bare CHCl3 is shown as a stick diagram, which
is adopted from the Ref. 32. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 15 ATABLE II. Frequencies ~cm21! of the observed nCH , n2 , nCN , n12 , n1 , and n6a vibrations of benzonitrile
~BN!, CHCl3 , and BN~CHCl3)n clusters.
nCH n2 nCN n12 n1 n6a
BN fl 3082.0 2244.1 1001.5 761.8 455.4
CHCl3 3033a fl fl fl fl fl
BN~CHCl3)1 3035.0~12.0b! 3082.0~10.0c! 2244.4~10.3c! 1001.2~20.3c! 763.2~11.4c! 456.8~11.4c!
BN~CHCl3)2
isomer A 3039.5~16.5b! 3082.7~10.7c! 2247.6~13.5c! 1001.3~20.2c! 764.9~13.1c! 460.9~15.5c!
3050.0~117.0b!
isomer B 3035.6~12.6b! 3082.0~10.0c! 2245.9~11.8c! 1001.2~20.3c! 766.0~14.2c! 456.9~11.5c!
3037.4~14.4b!
BN~CHCl3)3 3035.2~12.2b! 3082.5~10.5c! 2247.7~13.6c! 1001.1~20.4c! 766.6~14.8c! 462.0~16.6c!
3044.9~111.9b!
3046.2~113.2b!
aThis value is adapted from the Ref. 32.
bThe band shift from the value of bare CHCl3 .
cThe band shift from the value of bare benzonitrile.closely lying nCH bands at 3035.6 cm21 and 3037.4 cm21,
both of which are classified into the small shifted (DnCH
52.6 and 4.4 cm21! group, indicating that two CHCl3 mol-
ecules are hydrogen-bonded to the N atom of the CN group
of BN. However, such a structure was not obtained by the ab
initio calculation and further investigation is required. In the
Raman spectrum of BN–~CHCl3)3 in Fig. 6~e!, one nCH
band was observed at 3035.2 cm21 (DnCH52.2 cm21) show-
ing a small shift, and the other two nCH bands were observed
at 3044.9 (DnCH511.9 cm21) and 3046.2 cm21 (DnCH
513.2 cm21), both of them being in the group exhibiting
larger shift. This result indicates that one CHCl3 molecule is
hydrogen-bonded to the N end of the CN group and the other
two CHCl3 molecules are hydrogen-bonded to the phenyl
ring of the BN moiety. As seen in Fig. 3~c!, the ab initio
calculated structure also supports this structure.
Similar large high frequency shift ~14 cm21! of the
nCH band was reported for benzene–(CHCl3)1 and
fluorobenzene–(CHCl3)1 .33 In these clusters, the CH group
of the CHCl3 moiety is hydrogen-bonded to the phenyl ring,
supporting our assignment of the p-type hydrogen-bonded
structure of BN–~CHCl3)2,3 . Such a high frequency shift of
the nCH band was first found in the solution by Boldeskul
et al.34 They suggested that the hydrogen-bonded C–H bond
is strengthened due to an increase of its s-bond character
caused by the molecular deformation.
E. Raman spectra of the BN site
1. CH stretching vibration (n2)
The totally symmetric CH stretching vibration (n2) ~Ref.
35! of BN was also observed by FDSRS. Figure 7 shows the
FDSR spectra of bare BN and BN–~CHCl3)n51 – 3 in the n2
frequency region. For bare BN, a sharp band with its width
of 0.2 cm21 was observed at 3082.0 cm21 as shown in Fig.
7~a!. In BN–~CHCl3)n51 – 3 , shifts of the n2 frequency from
that of bare BN are very small, representing that the cluster
formation gives a small effect on the n2 frequency. However,
it is noticed that the n2 band width becomes substantially
larger in the clusters. In addition, weak bands appear in the
3070–3075 cm21 region, which are assigned to other CH
stretching vibrations. They might be appeared by gainingpr 2010 to 130.34.135.83. Redistribution subject totheir intensities due to the lower symmetry of the cluster.
The frequencies of the observed bands are listed in Table II.
2. CN stretching vibration (nCN)
The CN stretching vibration (nCN) of BN is one of the
most intense Raman active modes. Figure 8 shows the FDSR
spectra in the nCN region for bare BN and
BN–~CHCl3)n51 – 3 . Frequencies of the observed bands are
listed in Table II. For bare BN, two intense bands were ob-
served at 2244.1 and 2258.1 cm21. The former band is as-
signed to nCN , and the frequency of the latter is close to the
sum of n1 and n19a . Since both modes belong to A1
symmetry,36 their combination band, n11n19a , has also the
A1 symmetry. Thus, it might be appeared due to Fermi reso-
nance with nCN . Other weak bands observed in the spectra
are not assigned.
As seen in the figure, for BN–~CHCl3)n51 – 3 , the nCN
band splits into two, and the higher frequency band is as-
signed to nCN and the lower frequency band may be assigned
to either an overtone or a combination band. Such a splitting
was also reported for BN–~H2O)n and BN–~CH3OH)n .18
Interestingly, the splitting of nCN occurs irrespective of the
cluster structure and of the size. Though the splitting is
thought to be due to Fermi resonance, it is not clear as to
which overtone or combination band is involved in the in-
tensity borrowing. Since the two split bands have almost
same intensity, the both bands are thought to have almost
equal amount of the nCN character. Such a band splitting
observed in the clusters may be quite important to investigate
the dynamics of nCN of BN in solution, in view of the fact
that the nCN Raman band of BN is widely broadened in
solution.37–41 Though several models are suggested to ex-
plain the broadening, the present result indicates that the
splitting of nCN due to cluster formation is mainly respon-
sible for the broadening in solution.
3. Skeletal vibrations (n6a , n1 , and n12)
Figure 9 shows the FDSR spectra for n6a , n1 , and n12
vibrations. Also shown in the figure are their schematic
modes. Each mode shows a characteristic frequency shift
depending on the structure. First, the n6a vibration, that is the AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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shift in the clusters. For bare BN, this band is observed at
455.4 cm21, while the band splits into two in
BN–~CHCl3)1 ; one is at 456.8 cm21 and the other is at
456.2 cm21. Since the former band carries most of the inten-
sity, it can be assigned to n6a . The latter band is either an
overtone or a combination band appeared from Fermi reso-
nance. For BN–~CHCl3)2 , the band shift of the isomer A is
much larger than that of isomer B. For BN–~CHCl3)3 , a
broad band is observed at 462.0 cm21 and its shift is 6.6
cm21. Similar higher frequency shift upon the cluster forma-
tion was observed for the n1 vibration. The n1 mode is one
of the ring breathing vibration which involves motions of
meta-, para-carbon atoms, and the CN group. As seen in the
figure, the amount of the higher frequency shift upon the
cluster formation for n1 is Dn151.4– 4.8 cm21. A common
feature for n6a and n1 vibrations is that they involve the
motion of the CN group which is bound to the CH group of
CHCl3 . Thus, the two vibrations are perturbed by CHCl3 .
As will be shown later, the IVR rates of 6a1 and 11 levels of
BN–~CHCl3)1 are found to be much larger than that of 121
level. For the n12 vibration, the bands of the clusters are not
shifted from that of bare BN, indicating that this mode is not
affected by the cluster formation.
F. IVR of the bare BN and BN–CHCl31 cluster
Since the structure of BN–~CHCl3)1 has been estab-
lished unambiguously, we examined the mode dependence
FIG. 7. FDSR-dip spectra of jet-cooled ~a! bare benzonitrile and ~b!–~e!
benzonitrile–(CHCl3)n51 – 3 in the n2 region. ~Top! The normal mode of n2 .Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject toof IVR rate constant and its relationship with the cluster
structure. In a previous paper, we obtained the IVR rate con-
stants of the 121 levels for various BN clusters by time-
resolved stimulated Raman-pump UV-probe spectroscopy,
and found that the IVR rate depends on the type of the clus-
ter structure.19 We concluded that the anharmonic coupling
between the mode 12 and intermolecular modes is much
larger for the cluster having the ‘‘side’’ structure than those
having the ‘‘on-top’’ structure or the ‘‘linear’’ structure.
In the present work, we measured the IVR rate constants
for 121 , 11 , and 6a1 levels of the ‘‘linear’’ cluster,
BN–~CHCl3)1 .
1. Decay of the bare BN
To begin with, the dynamics of the various vibrational
levels of bare BN are presented. For the 121 level, the decay
after the stimulated Raman pumping to this level was di-
rectly observed by monitoring the time evolution of the LIF
intensity associating with the 121
0 transition. Figure 10~b!
shows the time profile of the 121
0 band of bare BN after the
stimulated Raman pumping to the 121 level. As seen in the
figure, the decay is so slow that it is difficult to determine the
decay rate constant in this time scale. The lifetime was
roughly estimated to be longer than 1 ms. For the 11 and 61
levels, their lifetimes were also estimated to be longer than 1
ms.
FIG. 8. FDSR-dip spectra of jet-cooled ~a! bare benzonitrile and ~b!–~e!
benzonitrile–(CHCl3)n51 – 3 in the nCN region. ~Top! The normal mode of
nCN . AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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cooled ~a! bare benzonitrile and ~b!–
~e! benzonitrile–(CHCl3)n51 – 3 in the
~left! n6a , ~middle! n1 , and ~right! n12
region. ~Top! The normal modes of
n6a , n1 , and n12 .2. 121 level of BN–(CHCl3)1
The decay after the stimulated Raman pumping to the
121 level of BN–~CHCl3)1 in S0 was directly observed by
FIG. 10. ~a! The LIF spectrum of the 1210 band of benzonitrile–(CHCl3)1
obtained at the delay time of 20 ns after the stimulated Raman pumping to
the n12 vibration. ~b! Logarithmic plot of the LIF intensities of the 1210 bands
of bare benzonitrile ~s! and benzonitrile–(CHCl3)1 ~j! vs the delay time.
The solid curves are the time profiles fitted by convolution. The excimer
laser pumped dye laser was used as the probe laser ~see text!.Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject tomonitoring the 121
0 LIF intensity. Figure 10~a! shows the LIF
spectrum of the 121
0 band of BN–~CHCl3)1 , in which the
probe laser for the electronic excitation was introduced at the
delay time of 20 ns after the Raman pumping to the 121
level. The transient profile of the 121
0 band is shown in Fig.
10~b!. Compared with that of bare BN, the 121 level decays
much faster in the cluster. The lifetime was obtained to be 40
ns by fitting with the convoluted decay curve. The obtained
decay rate constant is listed in Table III.
3. 11 level of BN–(CHCl3)1
For the measurement of the decay of 11 level, we tried to
monitor the 11
0 and 11
1 LIF bands. However, we could not
observe either band. The reason for the failure is thought to
be due to the weakness of those bands because of the fast
decay compared to the laser pulse duration. Instead, we
found a broad background signal beneath the 0,0 band of
BN–~CHCl3)1 after the Raman pumping to the 11 level. The
upper part of Fig. 11~a! shows the LIF spectra of
BN–~CHCl3)1 in the 0,0 band region. The LIF spectrum
with the solid line was observed at a delay time of 10 ns after
the stimulated Raman pumping to the 11 level of
BN–~CHCl3)1 and the dotted spectrum was observed with-
TABLE III. IVR rate constants (k IVR) and lifetimes (t IVR) of the 121 , 11 ,
and 6a1 levels of the BN–~CHCl3)1 cluster and vibrational density of states
~r!.
Vibrational
mode
Vibrational
energya
~cm21! k IVR~3109 s21) t IVR ~ns)
r
~states/cm21!
n12 1001.2 0.025 40 6.43104
n1 763.2 0.4 2.5 1.33104
n6a 456.8 .1.0 ,1.0 1.13102
aThe value is observed in the FDSR spectra. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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zonitrile and benzonitrile–(CHCl3)n
in the band origin region. Spectrum
with solid curve was measured at the
delay time of 10 ns after the stimu-
lated Raman pumping to the ~a! n1 and
~b! n6a vibrations of benzonitrile–
(CHCl3)1 . The dotted spectrum was
measured without Raman pumping.
~Lower! Plot of the rise of the fluores-
cence intensity of the broad band,
which is labeled by asterisk in the up-
per part of the figure, vs the delay
time. The solid curves are the time
profiles obtained by the convolution.
The Nd:YAG laser pumped dye laser
was used as the probe laser ~see text!.out the Raman pumping. The broad background is clearly
observed beneath the 0,0 band of BN–~CHCl3)1 , which is
due to the transitions from the energy redistributed levels
generated after IVR from the 11 level of BN–~CHCl3)1 . By
probing this broad band, we could observe the time evolution
of the levels created by IVR, instead of the decay of the
initially pumped level, 11 . The lower part of Fig. 11~a!
shows the rise of this background intensity obtained by
changing the delay time of the UV probe laser with respect
to the Raman pump lasers. The solid curve represents a con-
voluted rise curve fitted by assuming the rise time of 2.5 ns,
where we used 3 ns pulse width of the probe laser.
4. 6a1 level of BN–(CHCl3)1
Similar to the case of the 11 level excitation, we also
observed the broad band beneath the 0,0 band after the 6a1
level pumping, as shown in Fig. 11~b!. The LIF spectrum
with the solid line was observed at delay time of 10 ns after
the stimulated Raman pumping to the 6a1 level, and the
dotted spectrum was observed without the stimulated Raman
pumping. The transition from the relaxed levels from the 6a1
level is clearly observed as a background enhancement be-
neath the 0,0 band of BN–~CHCl3)1 . The lower part of Fig.
11~b! shows the rise of the background intensity obtained by
changing the delay time between the Raman-pump and the
UV-probe laser pulses. The solid curve represents a convo-
luted curve fitted by assuming the risetime of 1 ns. Since the
laser pulse widths used are 3 ns, the lifetime shorter than that
may have a large uncertainty and the risetime in this case is
estimated to be shorter than 1 ns.Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject to5. Vibrational mode dependence of the IVR rate for
BN–(CHCl3)1
Since we observed the broad signal beneath the 0,0 band
after pumping to the 11 and 6a1 levels, IVR is the first step
to occur for these vibrations of BN–~CHCl3)1 . For the 121
level excitation, on the other hand, neither the transition from
the energy redistributed levels nor the dissociation product
was observed within the delay time less than 10 ns. Since the
calculated binding energy ~3.8 kcal/mol! is not so different
from the n12 vibrational energy, it is not clear whether the
relaxation process includes only IVR or VP which follows
after IVR. In any case, BN–~CHCl3)1 has many intermo-
lecular and intramolecular vibrational degrees of freedom,
and the initial relaxation step might be IVR also for the 121
level. Thus, all the obtained decay and rise rate constants are
thought to those of IVR, which are listed in Table III.
It is noticed that the IVR rate becomes smaller with the
vibrational energies. If we follow the Fermi’s Golden rule,
the IVR rate is given by the product of the square of the
anharmonic coupling matrix element and the density of
states of the bath mode. So, we estimated density of states
for the vibrational levels investigated, which are also listed
in Table III. The density of states was calculated by direct
counting of the vibrational levels whose frequencies were
obtained by ab initio MO calculation. Table III indicates that
the density of states of bath modes is not an important factor,
but the anharmonic matrix element is more important for
determining the IVR rate for BN–~CHCl3)1 and its magni-
tude is in the order of Hanh
(6a).Hanh
(1).Hanh
(12)
, where Hanh
(n) is the
anharmonic matrix element between mode ~n! of BN and the
bath modes. It should be noted that the vibrations, which
show fast decay, exhibit large frequency shifts upon the clus-
ter formation. So, it is concluded that IVR rate is strongly AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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faster than that of mode 12. Though such the mode-
dependence of IVR has been investigated for several clus-
ters, they were mostly done in S1 ,42–44 and corresponding
studies in S0 are sparse.
The correlation between the mode-dependent IVR and
the cluster structure can be seen from the vector motion for
each mode. Figure 12 shows the vector model of n12 , n1 ,
and n6a of BN–~CHCl3)1 obtained by ab initio MO calcula-
tion. As seen from the figure, the CN group is moving along
the intermolecular stretching coordinate in both n6a and n1 ,
while the movement of the CN group is negligibly small in
n12 . In addition, it is seen that the amplitude of the CN
motion of n6a is larger than that of n1 . Therefore, it can be
said that the large Hanh between the BN skeletal modes and
the intermolecular modes originates from a parallelism of the
atomic displacement among the relevant vibrations. Thus,
the IVR rate is strongly mode and structure dependent. This
result agrees well with our previous result, in which we
showed that the anharmonic coupling between n12 and inter-
molecular vibrations are very large for the clusters having
‘‘side-type’’ structure.19
IV. CONCLUSION
The structures of the clusters between benzonitrile ~BN!
and CHCl3 have been investigated by various spectroscopic
technique, and ab initio MO calculations. It is concluded that
FIG. 12. The vector model representation of the n12 , n1 , and n6a vibra-
tions, which are obtained by ab initio MO calculation @HF/6-311G(d ,p)# .Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject toBN–~CHCl3)1 has a ‘‘linear’’ structure in which the CHCl3
molecule is hydrogen-bonded to the N end of the CN group
of BN. The structures of BN–~CHCl3)2,3 were determined
from the band shifts of nCH of CHCl3 site. In these clusters,
first CHCl3 is bound to the N end of the CN group, and
second and third CHCl3 molecules are bound to the phenyl
ring. We also observed the Raman spectra of the BN site, n2 ,
nCN , n12 , n1 , and n6a . Among them, n6a and n1 bands
showed characteristic higher frequency shifts, and the nCN
band split into two upon the cluster formation. The IVR rate
constants of the 121 , 11 , and 6a1 levels of bare BN and
BN–~CHCl3)1 were obtained. For bare BN, no decay was
observed in the several tenths nanosecond time scale and
their lifetimes were estimated to be longer than 1 ms. The
IVR rates of BN–~CHCl3)1 were strongly mode dependent,
that is, the rates were in the order of n6a.n1.n12 , which
were in the opposite order of their vibrational energies. The
vector model of these vibrational modes suggested that the
IVR rate becomes large when the vibration involves the dis-
placements of the CN group parallel to the intermolecular
coordinate, and their anharmonic coupling is much more im-
portant than the vibrational density of states.
ACKNOWLEDGMENTS
The authors thank Dr. A. Fujii, Dr. T. Maeyama, and Dr.
G. Naresh Patwari for helpful discussions. We also thank Dr.
H. Ishikawa for his help to simulate the high resolution elec-
tronic spectra. This work was partially supported by Grants-
in-Aid for Scientific Research ~No. 10440165! from the Min-
istry of Education, Science, Sports, and Culture, Japan.
1 Though the intramolecular vibrational redistribution is generally called
IVR, we also call IVR for the intracluster vibrational redistribution in this
paper.
2 S. Tanabe, T. Ebata, M. Fujii, and N. Mikami, Chem. Phys. Lett. 215, 347
~1993!.
3 T. Ebata, T. Watanabe, and N. Mikami, J. Phys. Chem. 99, 5761 ~1995!.
4 T. Watanabe, T. Ebata, S. Tanabe, and N. Mikami, J. Chem. Phys. 105,
408 ~1996!.
5 A. Mitsuzuka, A. Fujii, T. Ebata, and N. Mikami, J. Chem. Phys. 105,
2618 ~1996!.
6 A. Iwasaki, A. Fujii, T. Watanabe, T. Ebata, and N. Mikami, J. Phys.
Chem. 100, 16053 ~1996!.
7 Y. Matsumoto, T. Ebata, and N. Mikami, J. Chem. Phys. 109, 6303
~1998!.
8 Y. Matsuda, T. Ebata, and N. Mikami, J. Chem. Phys. 110, 8397 ~1999!.
9 A. Fujii, M. Miyazaki, T. Ebata, and N. Mikami, J. Chem. Phys. 110,
11125 ~1999!.
10 N. Guchhait, T. Ebata, and N. Mikami, J. Chem. Phys. 111, 8438 ~1999!.
11 P. Ensherick and A. Owyoung, Chem. Phys. Lett. 103, 235 ~1983!.
12 P. Ensherick and A. Owyoung, J. Chem. Phys. 83, 3311 ~1985!.
13 J. Plı´va, P. Ensherick, and A. Owyoung, J. Mol. Spectrosc. 125, 393
~1987!.
14 T. Ebata, M. Hamakado, S. Moriyama, Y. Morioka, and M. Ito, Chem.
Phys. Lett. 199, 33 ~1992!.
15 T. Ebata, S. Ishikawa, M. Ito, and S. Hyodo, Laser Chem. 14, 85 ~1994!.
16 S. Ishikawa, T. Ebata, H. Ishikawa, T. Inoue, and N. Mikami, J. Phys.
Chem. 100, 10531 ~1996!.
17 P. M. Felker, P. M. Maxton, and M. W. Schaeffer, Chem. Rev. 94, 1787
~1994!, and references therein.
18 S. Ishikawa, T. Ebata, and N. Mikami, J. Chem. Phys. 110, 9504 ~1999!.
19 R. Yamamoto, S. Ishikawa, T. Ebata, and N. Mikami, J. Raman Spectrosc.
31, 295 ~2000!. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
7876 J. Chem. Phys., Vol. 114, No. 18, 8 May 2001 Yamamoto, Ebata, and Mikami20 T. Kobayashi, K. Honma, O. Kajimoto, and S. Tsuchiya, J. Chem. Phys.
86, 1111 ~1987!.
21 T. Kobayashi and O. Kajimoto, J. Chem. Phys. 86, 1118 ~1987!.
22 M. Takayanagi and I. Hanazaki, J. Opt. Soc. Am. B 7, 1898 ~1990!.
23 V. Storm, D. Consalvo, and H. Dreizler, Z. Naturforsch., A: Phys. Sci. 52,
293 ~1997!.
24 R. M. Helm, H.-P. Vogel, H. J. Neusser, V. Storm, D. Consalvo, and H.
Dreizler, Z. Naturforsch., A: Phys. Sci. 52, 655 ~1997!.
25 V. Storm, H. Dreizler, and D. Consalvo, Chem. Phys. 239, 109 ~1998!.
26 S. Melandri, D. Consalvo, W. Caminati, and P. G. Favero, J. Chem. Phys.
111, 3874 ~1999!.
27 For example, J. O. White, J. Opt. Soc. Am. B 7, 785 ~1990!.
28 M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., GAUSSIAN 98, Revision
A.7, Gaussian, Inc., Pittsburgh, PA, 1998.
29 T. Ebata, in Nonlinear Spectroscopy for Molecular Structure Determina-
tion, edited by R. W. Field, E, Hirota, J. P. Maier, and S. Tsuchiya ~Black-
well Science, New York, 1998!, pp. 149–165.
30 Y. Tsutui and H. Wasada, Chem. Lett. 1995, 517.
31 J. C. D. Brand and P. D. Knight, J. Mol. Spectrosc. 36, 328 ~1970!.
32 G. Herzberg, Molecular Spectra and Molecular Structure ~van Nostrand
Reinhold, New York, 1945!, Vol. II.Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject to33 P. Hobza, V. Spirko, Z. Havlas, K. Buchhold, B. Reimann, H.-D. Barth,
and B. Brutschy, Chem. Phys. Lett. 299, 180 ~1999!.
34 I. E. Boldeskul, I. F. Tsymbal, E. V. Ryltsev, Z. Latajka, and A. J. Barnes,
J. Mol. Struct. 436, 167 ~1997!.
35 The notation of the vibrational mode of benzonitrile is adopted from G.
Varsa´nyi, Assignments for Vibrational Spectra of Seven Hundred Benzene
Derivatives ~Adam Hilger, London, 1974!.
36 J. H. Green and D. H. Harrison, Spectrochim. Acta, Part A 32A, 1279
~1976!.
37 K. Tanabe, Chem. Phys. 63, 135 ~1981!.
38 H. Abramczyk, Chem. Phys. Lett. 100, 287 ~1983!.
39 H. Abramczyk and W. Reimschu¨ssel, Chem. Phys. 100, 243 ~1985!.
40 H. Abramczyk, D. Samios, and Th. Dorfmu¨ller, J. Mol. Liq. 36, 277
~1987!.
41 D. Bhattacharjee, A. Ghosh, T. N. Misra, and S. K. Nandy, J. Raman
Spectrosc. 27, 457 ~1996!.
42 A. Heikal, L. Ban˜ares, D. H. Semmes, and A. H. Zewail, Chem. Phys.
157, 231 ~1991!.
43 A. J. Kaziska, S. A. Wittmeyer, and M. R. Topp, J. Phys. Chem. 95, 3663
~1991!.
44 C. Lienau, A. A. Heikal, and A. H. Zewail, Chem. Phys. 175, 171 ~1993!. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
